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Abstract 
Photoluminescence (PL) and photoreflectance (PR) properties were investigated in Si/ȕ-FeSi2/Si(001) double heterostructure 
(DH) samples.  The as-grown sample did not show clear PL, but the annealed one showed the 1.54 ȝm PL.  In PR spectra, the 
direct transition energies (Eg) were observed at 0.910í0.935 eV in the samples.  The Eg shifted to lower photon energy with the 
increase of annealing temperature, which indicates a modification of the band structure.  These results revealed that the 1.54 ȝm
PL was related to the transition at the indirect band gap.  The effect of thermal annealing on the 1.54 ȝm PL was discussed.  
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Semiconducting ȕ-FeSi2 has attracted much interest as silicon-based optoelectronics materials.  ȕ-FeSi2 thin 
films on Si substrates show photoluminescence (PL) at 1.54 ȝm which is a wavelength for fiber optics 
communications.  However, the band gap structure including optical transition type (direct or indirect) has been a 
subject of controversy in the ȕ-FeSi2 thin films.  ȕ-FeSi2 bulk is confirmed to be indirect transition type 
semiconductor [1, 2].  On the other hand, it is pointed out that ȕ-FeSi2 epitaxial films on Si substrates is changed to 
direct transition type one by the strain at ȕ-FeSi2/Si interface [3, 4].  Recently, we have measured photoreflectance 
(PR) spectra in the ȕ-FeSi2 thin films on Si(111) substrate.  As a result, it was found that the direct transition energy 
(Eg) shifted to lower energy by the lattice deformation due to thermal annealing [5].  The results clearly indicated 
that the band structure of the thin film was modified by the lattice deformation.  The 1.54 ȝm PL of ȕ-FeSi2 has been 
mainly reported in Si/ȕ-FeSi2/Si double heterostructure (DH) and ȕ-FeSi2 precipitates grown by ion beam synthesis 
(IBS) method.  Maeda et al. [6] have reported a method to distinguish between the intrinsic PL from ȕ-FeSi2 and 
other originated (extrinsic) PL.  In their report, the PL at 0.805 eV (called A-band) is assigned to be the intrinsic PL 
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of ȕ-FeSi2.  The DH and IBS samples showed much larger PL intensity than ȕ-FeSi2 thin films.  Therefore, it is 
necessary to investigate PL and Eg in the DH and IBS samples to clarify the transition type of the 1.54 ȝm PL.   
In this paper, we have performed PL and PR measurements in Si/ȕ-FeSi2/Si(001) DH samples to judge the 
transition type and to investigate the effect of the band gap modification on the 1.54 ȝm PL. 
2. Experiments 
Si/ȕ-FeSi2/Si DH sample was grown on n-type floating-zone Si(001) substrate (U = 1í3 kȍ㨯cm).  A molecular 
beam epitaxy (MBE) system equipped with electron gun for Si and Knudsen-cell (K-cell) for Fe evaporation sources 
was used for the epitaxial growth.  After wet chemical etching and thermal cleaning of the substrate, a Si layer of 20 
nm was grown at 500 ºC.  On the Si buffer layer, highly (100)-oriented ȕ-FeSi2 of 20 nm was grown by reactive 
deposition epitaxy (RDE) at 550 ºC, and then, a 200-nm-thick Si capping layer was epitaxially grown on it.  After 
the growth, the DH sample was annealed at 600í900 ºC for 16 h in a vacuum of ~10-5 Pa.  For X-ray diffraction 
(XRD) measurements, we have prepared a ȕ-FeSi2(100)//Si(001) thin film.  In the thin film, a 20-nm-thick ȕ-FeSi2
template was grown on the Si buffer layer by RDE method at 550 oC, and then, a 130-nm-thick ȕ-FeSi2 film was 
grown on the template by co-deposition of Si and Fe at 550 oC.
The crystal structure of the samples was analyzed by reflective high-energy electron diffraction (RHEED) and 
XRD including pole figure measurements.  In PL measurements at 5.5 K, the samples were excited by a laser diode 
of 660 nm line with an average excitation power of 40 mW.  The PL spectra were detected by a liquid-nitrogen-
cooled Ge pin photodiode using the lock-in technique.  In PR measurements at 5.5 K, a 150 W halogen lamp in 
conjunction with a single grating monochromator was used as a probe source.  The pump source was 532 nm laser 
mechanically chopped at a frequency of 140 Hz.  The modulated reflection signal (ǻR/R) was detected by an 
InGaAs photodiodes. 
3. Results and Discussion 
Figure 1 shows RHEED patterns of (a) ȕ-FeSi2 and (b) Si capping layer in the DH sample.  Clear streak patterns 
due to the epitaxial growth of ȕ-FeSi2 and Si were observed, respectively.  The epitaxial growth of ȕ-
FeSi2(100)//Si(001) was possible only when the Si buffer layer was introduced.  The result suggests that the 
epitaxial growth of ȕ-FeSi2(100) on Si(001) is affected by the surface condition such as surface reconstruction of Si 
atoms.  The X-ray pole figures of (a) ȕ-FeSi2(202)/(220) and (b) Si(111) diffraction peaks in the thin film are shown 
in Fig. 2.  The azimuth and the rotation axis perpendicular to the substrate are indicated as ĳ and ˻, respectively.  
The fourfold symmetry poles show that the epitaxial relationship is ȕ-FeSi2 [010][001]//Si¢100², which is referred to 
‘‘Type B’’ epitaxial growth mode [7].  The RHEED pattern of the thin film corresponds to that of the DH sample.  
Therefore, the growth mode of the DH sample is assigned to be “Type B”.  The epitaxial growth of “Type A” (ȕ-
FeSi2 [010][001]//Si¢110²) has been reported in the RDE growth at 450-550 oC [8].  The reason for the discrepancy 
in the epitaxial mode is not unclear, but the deposition rate of Fe in Ref. [8] (0.5 Å/s) is larger than that in this study 
(0.08 Å/s).  The difference in the deposition rate of Fe is considered to affect the epitaxial growth mode.   
Fig. 1  RHEED patterns of (a) ȕ-FeSi2 and 
(b) Si capping layer in Si/ȕ/Si DH sample. 
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Fig. 2  X-ray pole figure plots of  (a) ȕ-FeSi2(202)/(220) and 
 (b) Si(111) diffractions. 
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Figure 3 shows the dependence of PL spectra at 5.5 K on the annealing temperature in the DH samples.  
Although the PL intensity in the as-grown samples is very weak, the annealed ones show clear PLs near 0.8 eV.  The 
peak energy of main peak in the sample annealed at 900 ºC is 0.802 eV which corresponds to that of the intrinsic PL 
from ȕ-FeSi2 [6].  The temperature dependence of the PL peak energy in the DH sample annealed at 900 ºC is 
shown in Fig. 4.  The solid line is the fitting result by the Varshni’s relationship : , where E(T) is the PL peak energy 
at the given temperature; E(0) is the peak energy at 0 K; Į and ȕ are the characteristic constants of the sample.  The 
obtained Varshni’s parameters are E(0) = 0.802 eV, Į = 3.9 u 10-4 eV/K, and ȕ = 300 K.  The Varshni’s parameter 
of Į is almost consistent with that of the intrinsic PL from ȕ-FeSi2 [6].  These results support that the PLs in the DH 
samples are the intrinsic PL from ȕ-FeSi2.   
PR spectra of the DH sample annealed at 900 ºC are shown in Fig. 5.  Some peaks which represent direct 
transition energies of interband transition are observed at ~0.92 eV.  On the other hand, there is no peak at ~0.8 eV 
(not shown).  The difference of peak energies between PL and PR reveals that the 1.54 ȝm PL is related to the 
transition at the indirect band gap.  The PR spectra were fitted by Aspnes equation [9] to obtain the detailed direct 
transition energies.  The dashed lines in Fig. 5 show the result of the peak fitting.  As a result, three transition 
energies of EA = 0.917 eV, EB = 0.911 eV and EC = 0.897 eV were obtained.  In the PR spectra of ȕ-
FeSi2(110)(101)//Si(111) thin film annealed at 900 ºC [5], two direct transition energies of Edir. = 0.910 eV and Ei = 
0.880 eV have been observed at 5.5 K.  The Edir and Ei were assigned as interband transition energy and a transition-
energy between conduction band and an impurity-level in ȕ-FeSi2, respectively.  From the comparison of the 
transition energies between the DH and the thin film samples, EB and EC are assigned as Edir and Ei.  Therefore, the 
highest energy peak of EA was found to be a characteristic peak observed only in the DH sample.  Figure 6 shows 
the temperature dependence of the energies.  The obtained Varshni’s parameters of EA, EB and EC are Į = 3.1í3.8 u
10-4 eV/K and ȕ = 300 K.  The parameters almost correspond to that of the 1.54 ȝm PL, indicating that the direct  
and indirect transition energies show the same temperature dependence.  Figure 7 shows the annealing temperature 
dependence of PR spectra at 5.5 K in the DH samples.  The transition energies obtained by the peak fitting are 
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Fig. 3  PL spectra of ȕ-FeSi2 DH samples at 5.5 K. 
0 20 40 60 80 100
0.792
0.794
0.796
0.798
0.800
0.802
P
L
 p
ea
k 
en
er
g
y 
(e
V
)
Temperature (K)
Fig. 4  Temperature dependence of the PL peak energy in 
the ȕ-FeSi2 DH sample annealed at 900 ºC. 
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Fig. 5  PR spectra of the annealed DH sample at 5.5 K. 
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Fig. 6  Temperature dependence of transition energies in 
the ȕ-FeSi2 DH sample annealed at 900 ºC. 
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Fig. 7  Annealing temperature dependence of 
PR spectra in the DH samples. 
shown by arrows.  As seen in the figure, the direct transition 
energies shift to lower energy as the annealing temperature 
increases.  The systematic shift of the direct transition energies 
shows a modification of the band structure by the thermal annealing.   
In the DH sample annealed at 900 ºC, it was confirmed that the 
PL peak energy was different from the direct transition energies 
obtained in the PR spectra.  The fact clearly shows that the 1.54 ȝm
PL is related to a transition at the indirect gap and exciton effects as 
reported in polycrystalline ȕ-FeSi2 films [6].  Almost the same 
value of Į in PL and PR also supports the optical transition model.   
In ȕ-FeSi2 films on Si, it is well known that the 1.54 ȝm PL 
intensity is enhanced by thermal annealing [10, 11].  The PL 
enhancement by thermal annealing has been understood by a 
reduction of nonradiative recombination (NR) center during the 
annealing [12].  In this study, when the DH sample was annealed at 
higher annealing temperature than 700 ºC, the enhancement of the 
1.54 ȝm PL intensity and the red shift of direct transition energies were observed.  The results show a possibility 
that the increase of the PL intensity by the thermal annealing originates from not only the reduction of NR but also 
the modification of the band structure.  
4. Conclusions 
The Si/ȕ-FeSi2/Si(001) DH structure was grown in the ‘‘Type B’’ epitaxial growth mode.  The PL and PR 
measurements revealed that the 1.54 ȝm PL of the DH sample is related to a transition at the indirect gap.  The red 
shift of direct transition energies by the thermal annealing shows that the band structure is modified by the thermal 
annealing.  The possibility that the band gap modification affects the enhancement of the PL intensity by thermal 
annealing was pointed out.  
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